I. INTRODUCTION
The primary advantage of using superconductors in electrical power devices is that their ability to sustain higher current densities and lower losses enables higher specific power and efficiency than can be achieved by analogous devices that use conventional conductors. This advantage derives from the properties of zero resistance to dc current flow and very low hysteretic loss in ac current flow. Other useful properties of superconductors include the ability to generate large magnetic flux density with values that are constant in time, the ability to trap magnetic flux, a strong diamagnetic response to changes in magnetic flux, and a nonlinear relationship between current density and electric field near the superconducting transition. For most lay people and many engineers, the phrase "superconductor applications" evokes an image of a conventional electrical power device or electromagnet with the wires replaced by superconductors, and these types of applications are discussed in other papers in this issue. In this paper, we discuss an alternative to using superconducting wires that provides the same benefits. The alternative is "bulk superconductors," a generic class of material that includes large single-grain blocks and sintered structures.
Before the discovery of high-temperature superconductors (HTSs), applications for bulk superconductors were generally deemed not practical. In a 1989 review of superconductivity in this journal, bulk HTS received only brief mention in the context of making wires [1] . However, the simplicity of one of the earliest demonstrations of HTS, the levitation of a permanent magnet (PM) over a bulk HTS, as shown in During the past 15 years, researchers have made significant improvements in the materials properties of bulk HTSs and have investigated the feasibility of their use in many applications. The PM/HTS combination of a magnetic bearing enables a low-loss rotation that is being used in prototype high-efficiency flywheels and sensitive instruments. HTSs have demonstrated the ability to trap magnetic flux, and some samples have exhibited surface magnetic fields approximately an order of magnitude higher than presently used PMs. The combination of bulk HTS with ferromagnetic material now offers a material with highly anisotropic magnetic permeability. The nonlinear properties of bulk HTS near the critical temperature have garnered extensive investigation into their use in fault-current limiters (FCLs).
II. BULK MATERIALS

A. YBCO
In the early stages of HTS research, bulk yttriumbarium-copper-oxide (YBCO) was synthesized via a solid-state reaction (or sintering), which is a common ceramic processing route. However, due to its small coherence length and large anisotropy, high-angle grain boundaries in the solid act as weak links for supercurrents. Sintered YBCO pellets were, thus, discarded as candidates for engineering applications. Today, it is customary to fabricate bulk YBCO with controlled, melt processing based on the following peritectic solidification reaction:
The most common process is called top-seeded melt growth (TSMG), in which a Nd123 or Sm123 seed crystal with a higher melting temperature than Y123 is placed on top of a presintered YBCO pellet (a mixture of Y123 and Y211) to promote heterogeneous grain nucleation, and the material is slowly cooled in the presence of a temperature gradient [2] . This process yields a highly textured structure with its axis oriented perpendicular to the disk surface, as shown in Fig. 2 . Four facet lines extending from the seed toward the edge reflect that the disk is a single grain with controlled crystal orientation. To impart superconductivity, melt-grown YBCO disks are subjected to annealing at 300-500 C in an oxygen atmosphere. The critical temperature ( ) of TSMG-processed YBCO is in the range of 90-93 K, depending on the quality of the starting powders, the conditions of melt processing, and the oxygen-annealing treatment. Bulk YBCO has a microstructure in which small Y211 particles are distributed in the Y123 matrix. The critical current densities ( ) of YBCO are very sensitive to microstructure, particularly to the volume and size of dispersed Y211 particles [3] . It is common to add Pt or CeO powders to the precursor to inhibit coarsening of Y211 particles. Zero-field at 77 K ranges from to 10 A cm , and values at 77 K and 1 T for the axis are 5-30 kA cm .
Superconductors with flux pinning exhibit a hysteretic magnetic behavior, in which the magnetization as a function of an alternating applied field is double valued. The applied field above which the magnetization curve is no longer double valued is known as the irreversibility field ( ), and this value demarcates the magnetic field boundary above which flux pinning is negligible. The of YBCO is 3-5 T at 77 K for the axis. Although for the plane exceeds 10 T at 77 K, for is more important for industrial applications that mainly use trapped fields or levitation forces. Bulk YBCO disks can trap a large field due to flux pinning or induced supercurrents flowing persistently in the pellet. The trapped field ( ) is given by (2) where is a geometrical constant, is the permeability of vacuum, and is the radius of a single grain. Thus, the trapped field increases with increasing grain size. At present, the maximum grain size of YBCO is 10 cm [4] ; however, due to contamination from the substrate materials, the superconducting properties of such a large grain degrades, and the at 77 K is only 0.8-1 T. A typical size of commercially available YBCO disks is 3-6 cm, for which the values at 77 K are 0.8-1.5 T. The trapped field increases with decreasing temperature and reaches 3-6 T at 50 K and even higher values at lower temperatures. As the trapped field increases, the disk experiences a higher electromagnetic force, which sometimes causes cracking. The mechanical properties of YBCO are anisotropic but not so temperature dependent. The tensile strength along the axis is 5-10 MPa, and that perpendicular to the axis is 20-30 MPa [5] . It is important to realize that the maximum trapped field in YBCO is limited by the tensile strength rather than the superconducting properties. Hence, an improvement of mechanical properties is critically important for enhancing the field trapping ability. The techniques to improve mechanical properties of bulk HTS will be described later.
B. REBCO
YBa Cu O is a stoichiometric point compound, whereas rare-earth RE-Ba-Cu-O (REBCO) (RE: Nd, Sm, Eu, or Gd) systems are known to have a RE Ba Cu O type solid solution (RE123ss) [6] . When REBCO is synthesized by melt processing in air, RE-rich RE123ss is formed, leading to a depression of . This is because a rare-earth substitution on the Ba site decreases the hole concentration. Thus, REBCO had not been considered as a practical material until the oxygen-controlled melt-growth (OCMG) process [7] was invented. When REBCO is melt processed in a reduced oxygen atmosphere, the substitution of Ba by RE ion is significantly reduced. Also, small clusters of RE-rich RE123ss are uniformly distributed in OCMG-processed REBCO, and this condition causes a secondary peak effect in the -curve and, thus, relatively high values at high fields [8] . OCMG-processed Nd-Ba-Cu-O exhibits values of 20-41 kA cm at 77 K and 2 T for . -properties of REBCO are sensitive to chemical compositions and processing conditions. It is generally accepted that both and values of properly processed REBCO are much superior to those of YBCO.
Recently, compounding the RE site with several rare-earth ions was found to dramatically enhance flux pinning [9] . For example, (Nd, Eu, Gd)-Ba-Cu-O exhibits an extremely high of 15 T at 77 K for axis, with a value exceeding 10 kA cm at 10 T [10] . Microstructural observation showed that RE-rich RE123ss clusters about 10-50 nm in size formed dense regular arrays in this material, as shown in Fig. 3 , which was responsible for the high . This result shows that high-field superconducting applications are possible for REBCO, even at 77 K. Because of their higher and values, most researchers consider REBCO systems far superior to YBCO as trapped-field magnets. However, according to (2) , trapped-field values also depend on grain size, and much present effort is devoted to developing processes for producing larger grain REBCO. Since these compounds are also peritectically formed like YBCO, the TSMG process can yield good-quality large-grain disks if oxygen partial pressure is controlled. The maximum grain size of REBCO systems is 3.0 cm for NdBCO, 6.0 cm for SmBCO, and 6.5 cm for GdBCO. The maximum trapped fields of these systems at 77 K are 1.8, 2.0, and 3.0 T, respectively. However, these values are affected by the aspect ratio, so that the trapped field between two GdBCO samples was found to be 4.1 T at 77 K after 90 min relaxation [11] . Like YBCO, the trapped-field values of REBCO are dramatically improved by lowering temperature, but again poor mechanical properties limit the field-trapping capability.
C. Mechanical Properties
The field-trapping ability of bulk HTS material is essentially limited by its mechanical strength. The electromagnetic force in an energized trapped-field magnet is a hoop stress or a tensile stress, both proportional to the square of the magnetic field. Tensile strength is quite low in bulk HTS. Thus, an improvement of the mechanical properties is critically important for high-field applications. Silver addition is well known to improve mechanical properties, because it distributes in a bulk and Ag clusters contribute to crack blunting [12] . However, in large-grain bulk HTS, crack initiation occurs at defects like voids and microcracks, and fracture strength is much smaller than what can be obtained in small samples. YBCO and REBCO undergo tetragonal to orthorhombic transformation during oxygen annealing, causing crystal deformation such that the axis shrinks. Since there is no accommodation process for stress relaxation along the axis, microcracks are introduced along (001) planes in a bulk body.
For large-grain samples, fracture strength improves from about 1 MPa to almost 10 MPa with the addition of Ag [13] . Therefore, Ag addition alone is not sufficient to ensure reliable mechanical stability or high trapped fields. Fortunately, compressional strengths of bulk HTS exceed 200 MPa. Hence, encapsulation with metal rings has been employed to improve mechanical properties [14] . When a bulk disk is surrounded by a metal ring, compressional stress acts on the disk on cooling to the operation temperature as the metal shrinks more than the disk. The resulting precompression force will accommodate the magnetically induced hoop stress and greatly enhances field-trapping ability.
Resin impregnation is also effective in improving the mechanical properties of bulk HTS [15] . When bulk disks are vacuum impregnated with epoxy, the resin can permeate into the bulk through surface cracks and fill internal voids, as shown in Fig. 4 . This treatment increased the tensile strength of large-grain samples from several megapascals to 100 MPa. In addition to enhanced mechanical strength, surface coating with resin improved the corrosion resistance against moisture. However, the resin can penetrate only 2-5 mm; therefore, the internal mechanical strength was not improved with resin impregnation. To overcome this problem, 0.5-1.0-mmdiameter holes were mechanically drilled through the disk prior to resin impregnation, which allows the impregnation of resin into internal defects. This treatment improved the internal mechanical strength.
D. Cryostability
The current-carrying stability of type II superconductors has been a problem [16] . The low specific heat of LTS materials was responsible for their quenching, a rapid cascade transition from superconducting to normal. Multifilamentary structures solved this problem in that fine superconducting filaments generate less heat per unit volume due to flux motion and are embedded in a high thermal conductivity matrix that distributes the heat. The superconducting state in HTS materials is extremely stable due to their large heat capacity and high operating temperature. These are the principal characteristics that make the bulk HTS applications possible. However, another thermal instability intrudes when the bulk HTS magnet is activated. During activation, fluxoids in bulk HTS move, which generates heat. For stability, i.e., to avoid temperature rise, the cooling power of the system must be larger than local heat generation. Since the thermal conductivity of HTS is small, cooling by cryogen at the bulk's surface is not sufficient to cool the interior region, leading to a local temperature rise. Regions with higher temperature are weaker superconductors or smaller in flux pinning, and surrounding fluxoids try to jump in. This phenomenon is called flux avalanche or flux jumping [17] and is more remarkable in larger samples. Once flux avalanche takes place in a superconductor, it is no longer stable.
Thermal stability in bulk HTS was improved by a simple treatment. An artificial hole about 1 mm in diameter was drilled through the disk, followed by impregnation of Bi-Pb-Sn-Cd alloy with melting temperature 100 C. Like resin, the alloy could permeate into the bulk body through cracks connected to the drilled hole, as shown in Fig. 5 . This enhances the effective interface areas between the alloy and bulk material. The insertion of a highly conductive Al rod with its diameter slightly smaller than the hole was also effective in further enhancing the thermal stability. The alloy impregnation treatment also improved the internal mechanical strength of bulk HTS. Fig. 6 shows the trapped-field distribution of a 2.6-cm-diameter YBCO disk internally impregnated with Bi-Pb-Sn-Cd alloy. The disk was field cooled in 18 T to a target temperature, and the external field was removed. The trapped field for this disk was 9 T and 17 T at 46 K and 29 K, respectively [18] . Furthermore the distribution shows that the trapped field is not saturated at 29 K, indicating that the disk could trap much higher fields if a higher background field were available.
E. Joining
As already mentioned, it is possible to grow large-grain REBCO, 10 cm in diameter; however, degrades with distance from the seed due to the presence of growth inhomogeneities and chemical contamination from the substrate materials. Consequently, the grain size of high-performance REBCO is limited to 3-6 cm. In principle, this limitation can be overcome by joining small REBCO blocks, and arbitrarily large monolithic structures should be fabricable once this technique is refined.
Several approaches have been used to obtain joints. These approaches can be grouped into two categories: 1) joining by using an HTS filler material that has a decomposition temperature lower than that of the REBCO blocks to be joined [19] and 2) direct-contact joining, which might include pressure loading of the joint [20] . For joining YBCO, fillers include YbBCO, TmBCO, ErBCO, and Ag-doped YBCO. After oxygen annealing, the joined block exhibits superconductivity. However, the joining with filler materials often suffers from the segregation of residual liquid phase. This problem could be overcome by controlling the joined surface of the mother block to be parallel to the (110) plane [21] . Since the growth front is parallel to the (100) plane, the liquid/solid interface is tilted by 45 from the joined surface during the joining process. This will result in the formation of a zigzag-like liquid/solid interface, which prevents the layered segregation of un-reacted liquid phase along with an increase in the effective interfacial area.
F. BSCCO
There are two Bi-Sr-Ca-Cu-O (BSCCO) systems used for engineering applications: Bi Sr Ca Cu O (Bi2223) with of 110 K and Bi Sr Ca Cu O (Bi2212) with of 80-90 K. Unlike YBCO or REBCO, flux pinning of BSCCO is extremely weak, mainly due to a strong anisotropy. The main bulk-type applications of BSCCO are, thus, limited to current leads in rod shape and FCLs in tubular form. Bi2223 rod is usually prepared by normal sintering, often with Pb added to help obtain phase purity. Due to extremely large anisotropy, textured structure is easy to obtain; thus, the weak link problem is not so serious as for YBCO. Bi2212 rod can be made by a partial melting process, and more textured structure is obtained than Bi2223. One of the more successful techniques for fabricating Bi2212 tubes employs a rotating mold [22] .
III. MAGNETIZATION OF BULK HTS
The ability of bulk HTS to trap magnetic flux leads to their consideration in applications as analogs for PMs, and the terminology associated with PM technology is often used to describe HTS magnetic behavior. However, the physical basis for producing magnetization is very different. In a PM, the magnetization is truly a volumetric quantity, derived at the atomic scale from the alignment of quantized electron spin and angular momentum. In an HTS, macroscopic electrical currents produce the magnetic flux, and the distribution of magnetic flux and demagnetization behavior of an HTS differ from that of a PM of equivalent size and shape.
Just as fictitious Amperian current loops are useful for describing the magnetization of PMs, volumetric magnetization is useful to describe flux trapping in an HTS. One may think of the real currents in an HTS as a series of nested Amperian currents to derive a magnetization that is zero at the perimeter and a maximum at the center of the sample. In a cylindrical sample where current density is constant, the magnetization is conical, as shown in Fig. 7(a) .
The critical-state model [23] , [24] is often invoked to explain many magnetization and hysteretic behaviors of HTSs. The model is rooted in a physics that contains the essential features of flux pinning in Type II superconductors and has been used successfully for many years to analyze ac losses and flux jumping in low-temperature superconductors. In a critical-state model, one does not take into account the details of the flux motion and often assumes that at any location in the superconductor, the current is either flowing with magnitude or is zero. may be assumed constant or assigned a dependence on magnetic field. For the more physically correct model in which depends on magnetic field, one must take into account the actual internal magnetic field of the HTS, which includes effects of self-demagnetization.
For a magnetic field applied parallel to an HTS surface, is related to the change in magnetization within the HTS, according to (3) where is perpendicular to the HTS surface. If is constant throughout the sample, we may define the maximum magnetization, occurring at the center, by (4) There are three general techniques for magnetizing a bulk HTS: field cooling, adiabatic zero-field cooling, and pulsed zero-field cooling. In field cooling, the external magnetic field is applied first, and the sample is allowed to cool to its final temperature. The external field is then slowly brought to zero. In this case, if the external applied field is larger than , the magnetization shown in Fig. 7(a) is achieved. In adiabatic zero-field cooling, the sample is first cooled to its final temperature; second, the external field is slowly brought to some maximum and then slowly brought to zero. If , the magnetization shown in Fig. 7(a) is achieved. If , or , then a partial magnetization is realized, e.g., as shown in Fig. 7(b) . Pulsed magnetization, discussed later, is complicated by a rise in temperature as the magnetic flux diffuses into or out of the HTS.
When an opposing magnetic field is applied to a PM, its magnetization remains unchanged until the coercive field is reached, upon which domains in the PM begin to reverse, and the average magnetization begins to decrease. When an opposing magnetic field is applied to a fully magnetized HTS, it begins to demagnetize immediately, as illustrated in Fig. 7(c) . Because the magnetization is conical, the average magnetization in Fig. 7(a) is . For the case of Fig. 7(c) , the average magnetization is , where is the field applied during the operation of device.
When an alternating magnetic field is applied to its surface, the HTS experiences a hysteretic loss, with the magnitude of the loss per cycle being proportional to the cubic power of the amplitude of the applied field [24] . Mayergoyz and Keim have suggested that the Preisach hysteresis model has a very close analogy with the hysteresis of flux motion in an HTS [25] . This is fortuitous in that an enormous effort has been devoted to refining the Preisach model for use in magnetics. The vector version of the Preisach model seems well adapted for use in modeling the anisotropy of critical current density in the HTS [26] .
IV. CURRENT LEADS
Most superconducting magnets and power devices require a current connection to an environment at room temperature. These current leads span a temperature range from the cryogenic operating temperature of the superconducting device to ambient temperature and allow heat into the cryogenic environment by thermal conduction and by resistance heating within the lead. For devices that require substantial currents, the load on the cooling system can be substantial. The use of HTS components in these current leads offers an opportunity to reduce the heat load on the cryogenic environment of the superconductor [27] . The basic concept for an HTS current lead is illustrated in Fig. 8 . The lead is divided into a lower stage, adjacent to the low-temperature environment, and an upper stage, adjacent to the ambient environment. The lower stage is composed of an HTS in which there is no resistive heating caused by current flow. The upper stage is composed of copper, as in a conventional current lead. Most HTSs exhibit low thermal conductivity, so modest lengths of HTS can be used and still provide negligible thermal conduction. One must still accommodate the thermal conduction and heat generated in the normally conducting part of the lead in the upper stage; modified conventional designs can be used for this purpose. Most lead designs remove heat at some intermediate temperature. In a basic sense, one can view the function of the HTS lead as raising the temperature at which heat is removed [28] . If this heat removal temperature is raised from 4 to 77 K, the wall-plug power requirement to run the refrigerator that removes the heat is reduced to about 1/20 of that for a conventional lead, based only on Carnot efficiency considerations. HTS leads can also provide good thermal isolation between 4 and 1.8 K environments.
Various lead designs are possible. The concepts divide naturally into whether a particular section is cooled by conduction or by vapor flowing from cold to warm. If a segment is conduction cooled, it is thermally isolated, and the heat flux to the colder section is determined by the thermal diffusion equation. For vapor cooling, the heat flux to the colder part may evaporate part of the liquid coolant there, and the resulting vapor is forced to travel toward the warmer end of the segment. The vapor's sensible heat removes part of the incoming heat. Vapor cooling is thermally more efficient but requires a more complex design. Conduction cooling or simple vapor cooling is often used on smaller superconducting magnets. An alternative to vapor cooling is to have a coolant actively pumped along the lead. This approach is often used for large accelerator magnets where a complex cryogenic plant is already in place. Bulk HTSs have a relatively low thermal conductivity, and they have an advantage over their HTS wire counterparts in requiring shorter lengths of the brittle HTS. Technical progress in HTS current leads has been substantial, and this application has been one of the earliest commercial successes for HTSs. Bulk HTS leads have been used in conduction-cooled magnets for magnetic resonance imaging and are under consideration, together with HTS wire-type leads, for use in large magnet projects [29] .
V. FCLS
Power systems are occasionally beset by large transient current increases (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) times the rated values) caused by lightning, short circuits, and other faults. The duration and size of the fault current must be minimized to prevent destruction of power equipment in the system by overheating and large electromagnetic forces. The ability to limit the maximum current during a fault is usually fixed by a set of mechanical breakers that operate over a period of a few cycles and require a zero current for some short period. Because large fault currents can exist in the system for several cycles, all of the equipment must be designed to withstand the stresses associated with the fault. The FCL can eliminate or limit fault currents in an electrical power system before fault isolation occurs at the breakers. If such devices can be used reliably, in principle, the requirements on much of the rest of the system could be relaxed.
The nonlinear resistance of superconductors makes their use in FCLs appear to be attractive [30] . The basic concept is that when the current in the system is at or below the rated value, the superconductor is in the superconducting state and does not affect the current. However, when the current exceeds some critical value, the superconductor becomes resistive and transitions the FCL to limit the current. A major advantage of bulk HTS in this application is that the transition can be passive, requiring no control circuitry. Researchers have developed several large-scale superconducting FCL designs that can clamp the current to an acceptable value in a fraction of a cycle and can function multiple times in sequence.
An ideal FCL will exhibit the following features: near instantaneous detection of the fault; rapid (i.e., less than a cycle) reduction of the fault current to a desirable percentage of its original value; capability to intercept and handle multiple or recurring faults; automatic recovery without human intervention; compactness; low weight; high reliability; and low cost. FCLs divide naturally into two generic classes: resistive and inductive; but many designs use a hybrid combination. All types of HTS materials have been investigated for use in FCLs: BSSCO wire, coated conductor, bulk HTSs, and thin-film HTSs. The nature of superconducting FCLs suggests their more general use as current controllers, which should have application in flexible ac transmission systems (FACTS). An extensive section of a companion paper in this issue of the PROCEEDINGS OF THE IEEE addresses HTS FCL technology.
VI. LEVITATORS
A. Principles of Levitation
An electric circuit will resist changes to the magnetic flux threading it, according to Lenz's Law. In the case of a superconductor, the current that arises to counter the external change in flux may persist indefinitely. Thus, a superconducting material may act like a strong diamagnet. Accordingly, if a PM approaches a superconductor from afar, the superconductor, as shown in Fig. 9(a) , develops a shielding current, which excludes flux in such a way that the magnet "sees" and is repulsed by its mirror image. More specifically, if the magnetization of a PM is in the vertical direction, with its north pole down, the image will also be vertically magnetized, but with its north pole up, exerting a repulsive force on the real magnet. The closer the PM moves to the superconductor, the stronger the repulsive force; the farther away the magnet moves, the weaker the force. This setup can yield a levitation that is stable in the vertical direction.
In Type II superconductors, the stability of the levitational phenomena resulting from the diamagnetic response is greatly enhanced by the additional phenomena resulting from flux pinning, shown in Fig. 9(b) . A flux pinning center is a nonsuperconducting region, such as an inclusion, crack, or other crystalline defect. Because the superconducting region surrounding the nonsuperconducting center is strongly inclined to exclude magnetic flux, a magnetic flux line through the center often becomes trapped there. When a sufficient number of flux lines is trapped in the superconductor, the PM remains stably levitated in position, even when the system is turned on its side or the PM is suspended below the HTS.
Another fundamental property of superconductors is their tendency to exclude magnetic flux from their interiors. This exclusion of magnetic flux (the Meissner effect) also makes them behave like a diamagnet; however, for Type II superconductors, the forces generated by the Meissner effect are only a small fraction of those generated by flux pinning and are usually ignored in any analysis.
If the magnet moves far enough laterally that the flux lines move from their original pinning centers to new ones, then an additional stabilizing force, involving trapped flux, begins to act. In the superconductor, trapped flux appears as regions of induced magnetization with the same pole orientation as the levitated magnet. The trapped flux results from movement of flux lines from their original pinning centers so that the local flux decreases. As shown in Fig. 9(c) , this flux movement results in an attractive interaction with the PM that provides a lateral restoring force. The lateral motion of the PM also produces a slight increase in the vertical force because of the flux trapped in the original location.
For a Type II superconductor, the equilibrium position of a levitated PM depends on its position when the superconductor transitions below the critical temperature. One may distinguish two cases: zero-field cooling (ZFC), where the superconductor is cooled with the PM far away, and field cooling (FC), where the superconductor is cooled with the PM in close proximity. In the ZFC case, as the PM is brought close to the superconductor, the flux tends to be excluded or trapped near the superconductor's surface, and the repulsive force between the PM and the superconductor is strong. In the FC case, a substantial amount of flux is trapped in the superconductor, and very little force is exerted on the PM when it is at the FC position.
B. Applications
One of the most popular applications of HTS levitation is in the demonstration of the ability to levitate large masses, especially people [31] . Sumo wrestlers with total levitated mass (wrestler plus magnet) of 200 kg have been levitated. At the time of this writing, the largest levitated masses with a PM/HTS interaction are 410 kg [32] and 1050 kg [33] .
The use of magnetic levitation to avoid mechanical contact has special application to cryogenic structures. Most cryogenic tanks and transmission lines already have vacuum jackets, so the heat leak into the cryogen is through radiation and conduction paths. If a cryogenic storage tank or transmission line is magnetically levitated, then the conduction path disappears, and it is possible to reduce the heat leak significantly. Because a cryogenic environment already exists in this application, the use of an HTS to provide the levitation seems very reasonable. One of the earliest of these studies was the use of HTS levitation in hydrogen storage tanks for automobiles [34] .
Bulk HTS could be used in dynamical levitational applications in several ways. The stable levitational force in HTS suggests application in magnetically levitated conveyor systems in clean rooms, where high-purity requirements mandate no mechanical contact [35] . Trapped-field HTSs could be used to replace the superconducting coils aboard maglev vehicles traveling along normal-conducting guideways [36] . In this case, the trapped-field HTSs would act as very powerful PMs that allow much higher levitation heights than can be achieved with conventional PMs on maglev vehicles. Alternatively, the diamagnetic HTSs could be placed over a PM guideway [33] .
VII. BEARINGS
The combination of diamagnetic behavior as the superconductor attempts to negate any change in its internal magnetic field, together with the ability to lock magnetic field lines in pinning centers within the HTS, allows the stable levitation of a PM above or below an HTS [37] . If the PM is cylindrically symmetric, it freely rotates about its axis of symmetry and forms a low-loss magnetic bearing that is passively stable [38] . HTS bearings have seen considerable development and have been suggested for many applications [38] , [39] .
A dimensionless parameter that some have used to characterize HTS bearings is the coefficient of friction (COF), defined as the rotational drag force divided by the bearing load. A COF has been obtained for several experimental HTS bearings [38] , and the limit to obtaining lower values seems to depend on the ability to produce PMs of higher homogeneity. For comparison, mechanical roller bearings typically have a COF of the order of 10 . Damping time constants in directions other than the rotational one are typically of the order of seconds for HTS bearings, so even though they exhibit low rotational drag, they have a remarkably high damping.
A. Flywheel Energy Storage
The availability of HTS bearings that are so nearly friction free naturally leads to their consideration for flywheel energy storage. Several major projects have investigated this application [40] - [43] . Flywheels with conventional bearings typically experience high-speed idling (that is, no power input or output) losses on the order of per hour. With HTS bearings, rotational losses as little as 0.001% per hour (of the energy in a full-speed rotor) have been achieved in laboratory experiments [44] . When conduction losses to the cryostat are included, and energy is taken from the flywheel to power the refrigerator that cools the HTSs, total parasitic energy losses for the bearing of 0.1% per hour are believed to be achievable. When coupled with efficient motors/generators and power electronics (capable of losses as low as 4% on input and output), the potential exists for constructing flywheels with a 90% diurnal storage efficiency. Probably only one other technology is capable of achieving such high diurnal storage efficiencies: superconducting coils hundreds of meters in diameter.
Electric utilities have a great need for efficient diurnal energy storage, such as flywheels, because the inexpensive baseload capacity of the utilities is typically underutilized at night, and they must use expensive generating sources to meet their peak loads during the day. A distributed network of diurnal-storage devices could also make use of underutilized capacity in transmission lines at night and add robustness to the electric grid. These factors are expected to become more important in the forthcoming deregulation of the electric utility industry. Efficient energy storage would also be beneficial to renewable-energy technologies, such as photovoltaics and wind turbines.
With modern graphite fiber/epoxy materials, the inertial section of a flywheel rotates with rim speeds well in excess of 1000 m/s and achieves energy densities greater than those of even the most advanced batteries. The kinetic energy in a 10-cm-high by 30-cm-diameter flywheel with this rim speed is kWh, and a person-sized flywheel could store 20-40 kWh. Experimental versions of flywheels that employ HTS bearings, such as that shown in Fig. 10 , have already stored 2 kWh.
B. Instrumentation
The low magnetic drag of an HTS bearing has suggested its use in sensitive instrumentation such as gas pressure indicators, gyroscopes, and gravimeters [38] . In the latter application, subradian oscillations or small angular rotations are observed. If the motion is small enough, the HTS should remain in an elastic regime, with all of the flux lines remaining in their pinning centers, and the dissipation should be extremely small. Such bearings should provide a much higher than is possible with a torsional fiber. Recently, HTS bearings have been proposed for use in a sensitive detector to study the polarization of the cosmic background radiation (CMB) [45] . Information about the spatial anisotropy of the CMB has allowed cosmologists to distinguish between different evolutionary models of the universe, and information about the polarization could lead to further refinements. The proposed device would use a rotating half plate that modulates the CMB from a given patch of the sky passing into a polarization analyzer. The challenge in adapting the technique to CMB polarimetry is coupling the rotation mechanism to bolometric detectors, which have high sensitivity to microphonic noise. Standard mechanical rotation mechanisms, such as gears and bearings, have stick-slip friction, which induces vibrations. The vibrations inject mechanical energy in the detectors and cause wires and other components to vibrate, thereby inducing excess electrical noise. The low rotational drag and vibration isolation characteristics of the HTS bearing make it suitable for providing a low-noise environment. Cryogenic cooling is already available in the CMB experiment to detect the long wavelength radiation.
VIII. TRAPPED-FIELD MAGNETS
A. Experimental Magnet System
Bulk superconducting magnets can be used as a magnetic source like PMs. The benefit of the superconductor is that the field strength is much greater than that of conventional PMs, although refrigeration is necessary. An experimental magnet system has been developed and already commercialized in that the trapped-field magnets generate fields [46] . Two types of experimental magnet systems are commercially available: a single-pole type and a double-pole type. Fig. 11 shows the latter. Here, two bulk REBCO disks are installed at the heads, which are connected to a cryocooler and cooled down to the target temperature. As described in Section III, one needs to apply high magnetic fields to magnetize bulk superconducting magnets. To make the operation simple, a pulse-field magnetization technique activates the bulk magnets in this system. At present, a magnetic field of 3 T can be obtained at the center of two trapped-field magnets in free space. An interesting feature of this magnet system is that the field configuration with like poles facing each other (e.g., N to N) to produce a magnetic field gradient can be easily produced by simply changing the direction of magnetization, in addition to the common field configuration of N to S.
B. Magnetic Separation Device
Purification of water is a very important technology. It is now common to use superconducting solenoids for magnetic separation of contaminants from polluted water. The force exerted on the magnetic materials to be removed is given by (5) where is magnetic induction, and is the field gradient. Hence, one needs a steep field gradient to achieve a large magnetic force for separation. Since the field distribution of a large superconducting solenoid is quite uniform, steel wires are usually inserted in the bore of the magnet to achieve a steep field gradient. In contrast, the field created by a bulk superconducting magnet has both a large and a large . Thus, it can be directly used for magnetic separation [47] . One commercialized magnetic separation device uses bulk HTS magnets to clean the filter of a membrane-type magnetic separator. In this separator the membrane or the filter catches contaminants of polluted water. The polluted water is treated with coagulants that can flocculate small dirt particles to make flocs larger than the mesh size of the filter, thereby allowing the filter to catch the contaminants. However, cleaning the filter has been a problem and inhibits continuous operation. Thus, ferromagnetic particles were added to make magnetic flocs, which could be detached by permanent magnets. The separation speed of such a system is very slow, and it is not commercially viable because of the small magnetic forces. Replacing the permanent magnets with bulk HTS magnets made the system more functional [48] . Fig. 12 shows a photo of a magnetic-separation device for water purification that is now commercially available. Here, several YBCO disks are cooled to 50 K and magnetized with a superconducting coil in the field-cooling process. The field strength of the trapped-field magnet is 5 T at the surface and 1 T at the working distance where the dirt on the filter is detached. As shown in Fig. 13 , the dirt on the filter is removed effectively and transported to a sludge pot with a rotating shell. The system can remove 98% of the contaminants from sewage. Because the system is compact, it can be carried on vehicles. Mobile magnetic separation devices have already been developed and successfully used to clean ponds and rivers contaminated by green algae. This device can also be used to clean red tide, toxic planktons, and oil-contaminated seawater.
C. Magnetron Sputtering Device
Magnetron sputtering is widely used to produce thin films for various industrial applications. In the sputtering process, a target or a cathode plate is bombarded by energetic ions generated in a glow discharge plasma. The bombardment process consists of ejection of target atoms and subsequent deposition on a substrate. In this process, secondary electrons are also emitted from the target and maintain the plasma formation. PMs play a key role in the magnetron sputtering process. They are arranged such that one pole is positioned at the center of the target material, and the other in a ring shape covers the outer edge of the target. This arrangement creates magnetic closed loops starting from the center toward the edge. Soft magnetic materials are also used to form a ring along the periphery of the target. Secondary electrons are constrained along the loop due to the Lorentz force. If the field strength can be made higher, more dense plasma will be available near the target, which increases the deposition rate. It is also possible to maintain plasma even in high vacuum in large fields, leading to the production of higher quality films. A further advantage is that the deposit can reach the bottom of the grooves on patterned films. In addition, ferromagnetic thin films can be made with high-field magnetron sputtering. In conventional magnetron sputtering devices with permanent magnets, the field could not pass through ferromagnetic target materials. Hence, the idea was born to replace Fe-Nd-B magnets by trapped-field magnets [49] . Fig. 14 shows a schematic illustration of a magnetron sputtering device in which trapped-field magnets are installed as a magnetic source. A Sm-Ba-Cu-O disk, 65 mm in diameter, is used as a trapped-field magnet that can generate 6 T at 50 K. The parallel field of 0.6 T could be generated at the target surface using this trapped-field magnet. The experimental results show that a discharge current higher than 10 mA is achievable in the vacuum of 2 10 torr. It was also possible to deposit Fe particles using the high-field magnetron sputtering device. The system will be commercialized in the near future.
IX. MOTORS
Shortly after the discovery of HTSs, work began on HTS motors. A result of this work was experimental devices of ever-increasing size [50] . The early devices used HTS wires and were analogs of conventional synchronous and homopolar motors that had been investigated earlier with LTS wires. More recently, motor designs that use bulk HTSs have been investigated as analogs to hysteresis, reluctance, and brushless PM designs. The expected benefits of HTS motors are greater motor efficiency and smaller motor size.
The ability of bulk HTSs to trap magnetic fields as high as 17 T [18] suggests their use in superconducting analogs to brushless synchronous motors that currently use PMs. In addition, the diamagnetic and hysteretic nature of bulk HTSs have suggested several new concepts for motors. For the most part, initial experiments with bulk HTS motors have allowed the entire motor to be situated in a liquid-nitrogen bath. For one application, cryogenic pumping, this condition is adequate. Slight modifications of these motors can easily be envisioned as operating in a liquid-hydrogen infrastructure. Also, there are several industrial applications where compactness or low rotor inertia is the major parameter of interest. For these applications, efficiency or type of cooling is not a major issue, and existing bulk HTS motor designs are already sufficient. However, in most power applications, the motor housing must be at ambient temperature, and the difficulties of cooling such motors must be addressed in the future.
The ability of a bulk HTS to trap magnetic fields allows their use as the rotor of a hysteresis motor [51] . Because the magnetization of the HTS can greatly exceed the saturation of any conventional ferromagnetic material, such hysteresis motors are expected to have a larger power density than conventional hysteresis motors. Initial experiments seem to validate this assumption. Rotor materials used in experimental HTS hysteresis motors have included sintered BSCCO and YBCO, as well as melt-textured YBCO. Both radial and axial configurations have been investigated.
It has also been suggested that the diamagnetic property of bulk superconductors can improve the efficiency and power factor of reluctance motors [52] - [54] . The concept for the HTS reluctance motor is to construct the rotor with a composite of ferromagnetic and bulk HTS layers, as shown in Fig. 15 . The composite configuration leads to a highly anisotropic ferromagnetic structure wherein magnetic flux experiences very low reluctance in one direction and very high reluctance in a perpendicular direction. The leakage flux from such configurations should be minimal. The configuration has particular advantage for rapid startup: the diamagnetic HTS can contribute to a positive torque even when the long radial dimension of the ferromagnetic rotor components is perpendicular to the stator field.
X. CONCLUSIONS AND ECONOMICS
Since the discovery of HTSs, material advances in bulk HTS has progressed to a point where these materials are being used in selected applications, such as current leads, laboratory magnets, low-loss bearings, and motors. New applications for these unique materials continue to be identified.
A crude economic analysis suggests that bulk HTSs may be considered for even more applications in the future. A common figure of merit for superconducting wire is cost/performance (C/P), usually quoted in units of U.S. dollars per kilo ampere meter ($/kAm), stated at the operating magnetic field and at a particular operating temperature, typically about 2/3 of its transition temperature. The superconductor must compete with the conventional copper conductor, which costs about $15/kAm. For comparison, the usually stated C/P of NbTi is about $1.6/kAm at 4.2 K and 5 T, and that of Nb Sn is about $6-8/kAm at 4.2 K and 12 T [55] . Even with lower cost cryogenics, to gain commercial acceptance, HTS wire will need to exhibit a C/P not too much higher than these values. Bulk HTS may also be compared with this C/P metric. The HTS pellet is mathematically divided into current rings, and the current times the circumference of each ring is summed to get the total ampere meters for the pellet.
The potential cost performance of bulk HTSs compares favorably with that of other superconductors. The mass production of bulk HTSs has not yet received as much attention as HTS wire, however, the processing is very similar to that for sintered FeBNd magnets, and one might assume a similar cost at high production rates, as a first approximation. Assuming a production cost of $100/kg and a of A cm , a 4-cm-diameter bulk HTS yields a C/P of $25/kAm. Inasmuch as a approaching 10 A cm at 77 K and 2 T has been demonstrated [26] , and ever-larger diameters are being produced, it seems prudent to consider bulk HTSs for applications. If we compare bulk HTS to PMs, we note that a trapped-field magnetization of 18 T provides an energy product that is 24 times that of a PM with a magnetization of 1.5 T, making it an attractive alternative even if the production costs were ten times higher. 
